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A theoretical study on electron collisions with SiF and SiF2 radicals in the low- and intermediate-energy
range is reported. More specifically, calculated elastic differential, integral, and momentum transfer cross
sections as well as total and total absorption cross sections are presented in the 1–1000-eV energy range. A
complex optical potential is used to represent the electron-radical interaction dynamics, whereas the iterative
Schwinger variational method combined with the distorted-wave approximation is used to solve the scattering
equations. Comparison of the present results with the available theoretical and experimental results in the
literature is made.
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I. INTRODUCTION
Interest in electron interactions with highly reactive radi-
cals, such as CFx, SiFx x=1,2 ,3, etc., has grown recently
in view of their importance in developing plasma devices. It
is well known that a plasma environment is composed of
many species such as electrons, molecules in their ground
and excited states, neutral radicals, ionic fragments, etc.
Knowledge of the cross sections for electron interactions
with these constituents is important in determining plasma
properties and therefore is useful for plasma modeling. In
this sense, cross sections for e−-SiFx x=1,2 ,3 collisions
are particularly relevant. The SiFx radicals can be produced
during plasma etching of silicon when gaseous fluorine or
perfluorocarbons are used as reactant gases. Since plasma
etching is one of the most fundamental processes for the
manufacture of wafers in the semiconductor industry, knowl-
edge of several cross sections for e−-SiFx collisions is cer-
tainly relevant in order to optimize the process. The presence
of such species in the reactant environment can certainly
influence plasma properties. In particular, the interaction of
these radicals with electrons is not very well known. Also,
experimental determination of the cross sections of e−-SiFx
collisions is difficult. Only a few experimental cross sections
for electron-impact ionization of these reactive radicals have
been reported in the literature so far 1–3. Theoretical inves-
tigations on electron collisions with the SiFx radicals re-
ported in the literature have been equally scarce. Electron-
impact total ionization cross sections TICSs for SiFx x
=1,2 ,3 were calculated and reported by Hwang et al. 4
using the semiempirical binary-encounter Bethe BEB ap-
proximation, by Deutsch et al. 5 using the Deutsch-Märk
DM model, and by Joshipura et al. 6 using the additivity
rule AR. A rather complete theoretical investigation on
electron interaction with the SiF radical was reported by Lee
et al. 7 in 2002. In that study, differential DCS, integral
ICS, and momentum-transfer MTCS cross sections, as
well as grand-total TCS and total absorption TACS cross
sections in the 1–500-eV range were reported. To our
knowledge, no similar studies have ever been reported for
other SiFx radicals. Therefore, additional theoretical calcula-
tions of various cross sections for e−-SiFx x=1,2 ,3 colli-
sions would certainly be interesting and could contribute to
fulfill this lack.
In the study of e−-SiF scattering reported by Lee et al. 7,
a complex optical potential composed of static-exchange,
correlation-polarization, and absorption contributions was
used to represent the interaction dynamics. The iterative
Schwinger variational method ISVM 8 combined with the
distorted-wave approximation DWA 9,10 was used to
solve the scattering equations. The static-exchange part of
the interaction potential was derived exactly from the target
wave function. A parameter-free model suggested by Padial
and Norcross 11 was used to generate the correlation-
polarization potential, whereas version 3 of the quasifree
scattering model QFSM3 proposed by Staszewska et al.
12, and lately modified by Jain and Baluja 13, was used
to account for the absorption contributions. During the last
five years, our group has applied this model to account for
the absorption component of the electron-molecule interac-
tion potential. We have found that for most of the targets
studied 7,14–17, the use of that optical potential can pro-
vide quite accurate DCSs, ICSs, and MTCSs for elastic
electron-molecule collisions in the 10–500-eV energy range.
On the other hand, such calculations have systematically un-
derestimated the magnitudes of TCSs and TACSs, particu-
larly at higher incident energies. The observed disagreement
with experiments is probably caused by some physical origin
inherently omitted in the QFSM3 formalism. In our concep-
tion, this problem could be due to the use of the free-electron
gas approximation. However, in an actual scattering prob-
lem, the target electronic density is not uniform. It is ex-
pected that many-body interactions would be relevant in the
region of high electronic densities and less important else-
where. The lack of such effects could lead to distortions of
the absorption potential generated by the QFSM3. In order to
incorporate many-body effects, in two recent studies 18,19
we have proposed a dimensionless scaling factor, which is a
function of both the incident energy and the local target den-
sity distribution, to be applied to the QFSM3 potential. It
contains two parameters that were obtained through the ad-
justment of the calculated TACSs for N2 at 500 eV to better
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approach the experimental TICSs. This procedure can be jus-
tified because at such a high energy, the ionization process
dominates the inelastic collisions and so the excitation cross
sections would be negligible. This improved version of the
absorption potential will be referred to as the scaled quasi-
free scattering model SQFSM potential. The SQFSM was
applied to study electron collisions by a series of atomic Ne
and Ar and molecular N2, C2H2, CO, H2O, CH4 targets
18,19. The TCSs and TACSs calculated using this im-
proved model potential agree better with the experimental
data than those calculated using the QFSM3, particularly at
high incident energies.
In this work, we present a theoretical study on electron
scattering by the SiF and SiF2 radicals in the low- and
intermediate-energy range. Specifically, calculated DCSs,
ICSs, and MTCSs as well as TCSs and TACSs are presented
for electron-impact energies ranging from 1 to 1000 eV. In
our study, the formalism used is the same as in 7, except
that the new SQFSM is also used to represent the absorption
effects. The comparison of the calculated TACSs using these
model potentials with experimental and theoretical data
available in the literature would provide insights of the reli-
ability of the two model potentials.
The organization of this paper is as follows: in Sec. II, we
describe briefly the theory used and also give some details of
the calculation. In Sec. III, we compare our calculated results
with experimental and calculated data for both e−-SiF and
e−-SiF2 scatterings available in the literature. A brief conclu-
sion remark is also presented in that section.
II. THEORY AND CALCULATION
In this section we will briefly discuss the method used;
details of the ISVM and the DWA can be found elsewhere
8–10,15,16. Within the fixed-nuclei framework, the DCSs
for electron-molecule scattering, after averaging over the
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where fk̂i , k̂f is the scattering amplitude in the laboratory
frame LF, k̂f k̂i is the direction of the scattered incident
electron linear momentum in the LF, whereas the direction of
incident electrons is taken as the LF z axis. The  , , are
the Euler angles which define the direction of the molecular
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where JM	 are the eigenvectors of asymmetric-top rotors
and
r̂000	 = 82−1/2. 3
Using the adiabatic-nuclei-rotation approach, the DCS for
the excitation for an asymmetric-top rotor from an initial
rotational level J to a final level J is given by 21,22
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where k0 and k are the magnitudes of the initial and final
linear momenta of the scattering electrons, respectively, and
fJM→JM is the rotational excitation scattering amplitude
related to the target rotational eigenfunctions by
fJM→JM = JM,,f
LFJM,,	 . 5
In Eq. 4, the sum over M results from the degeneracy
among the eigenstates with different M. The eigenfunctions
JM , , appearing in Eq. 5 are written as a linear
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where the symmetric-top eigenfunctions are given by
	JKM,, = 
2J + 182 DKMJ* ,, 7
and DKM
J are the well-known Wigner rotation matrices 24.
Also, the electronic part of the LF scattering amplitude can
be related to the corresponding body-frame BF T matrix by
the usual frame transformation 24. The latter can be con-














where k̂0 and k̂ are the linear momentum directions of the
incident and scattered electrons in the BF, respectively, and
Xlh
p
 are the symmetry-adapted functions 25 which are ex-







 Ylmr̂ . 9
Here p is an irreducible representation IR of the molecular
point group, 
 is a component of this representation, and h
distinguishes between different bases of the same IR corre-
sponding to the same value of l. The coefficients blhm
p
 satisfy
important orthogonality relations and are tabulated for C2v
and Oh point groups 25.
The rotationally unresolved DCSs for elastic e−-molecule
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Since SiF is an open-shell molecule with ground-state
symmetry X2, two spin-specific scattering schemes, the
singlet and triplet couplings, between the scattering electron
and the isolated 3 electron of the target are considered in
the present study. Therefore, the statistical average of the
elastic scattering DCS is written as














where d /d1 and d /d0 are the multiplet-specific
DCSs for the total e−+target spin S=1 triplet and S=0
singlet couplings, respectively.
In our calculations, the e−-radical scattering dynamics is
represented by a complex optical potential given by
Vopt = VSEP + iVab, 12
where VSEP is the real part of the optical potential composed
of static Vst, exchange Vex, and correlation-polarization
Vcp contributions and Vab is the absorption potential. Vst
and Vex are obtained exactly from a Hartree-Fock HF self-
consistent-field SCF target wave function. A parameter-free
model potential introduced by Padial and Norcross 11 is
used to account for the correlation-polarization contributions.
In this model, a short-range correlation potential between the
scattering and the target electrons is defined in an inner re-
gion and a long-range polarization potential in an outer re-
gion. The first crossing of the correlation and polarization
potential curves defines the inner and the outer regions. The
correlation potential is calculated by a free-electron-gas
model, derived from the target electronic density according
to Eq. 9 of Ref. 11. In addition, an asymptotic form of the
polarization potential is used for the long-range electron-
target interaction. Since there are no reported experimental
dipole polarizabilities for SiF2, calculated values at the HF-
SCF level are used to generate the asymptotic form of Vcp.
No cutoff or other adjusted parameters are needed for the
calculation of the correlation-polarization contribution.
The QFSM3 absorption potential of Staszewska et al. 12
is given by
























C = 2H +  − k2
 +  − k25/2
k2 − 2
. 17
In Eqs. 13–17, k2 is the energy in Rydbergs of the inci-
dent electron, kF the Fermi momentum, and r the local
electronic density of the target. Hx is a Heaviside function
defined by Hx=1 for x0 and Hx=0 for x0. Accord-
ing to Staszewska et al. 12,
r,E = kF
2 + 22 − I − VSEP 18
and
r,E = kF
2 + 2I −  − VSEP, 19
where  is the average excitation energy and I is the ioniza-
tion potential.
In the improved SQFSM version, a multiplicative dimen-
sionless scaling factor, given as




is applied to the QFSM3 potential. In the above equation,
rs =  3
4r1/3. 21
The second and third terms on the right-hand side rhs of
Eq. 20 account for the corrections in the low- and high-
density regions, respectively. M =0.12 and N=2.2 are param-
eters empirically chosen. It is worth emphasizing that both M
and N must depend neither on a particular target nor on a
specific incident energy. The same values were used in the
atomic and molecular targets in our previous works 18,19
and are also used for the targets considered herein. In the
generation of both the QFSM3 and the present modified
model absorption potential, the first ionization potentials I
are used as the average excitation energies 13.
The Lippmann-Schwinger scattering equation for elastic
e−-SiFx x=1,2 collisions is solved using the ISVM. In
principle, this equation should be solved with the full com-
plex optical interaction potential. Nevertheless, a tremendous
computational effort would be required, particularly due to
the large number of coupled equations involved, which
makes such calculations practically prohibitive. On the other
hand, our calculation has revealed that the magnitude of the
imaginary part absorption of the optical potential is consid-
erably smaller than its real counterpart. Therefore, in the
present study the scattering equations are solved using the
ISVM, considering only the real part of the optical potential.
In ISVM calculations, the continuum wave functions are
single-center expanded as
k
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where the superscripts − and + denote the incoming-wave
















FIG. 1. DCS for elastic e−-SiF scattering calculated using only
the real part of the optical potential. Solid line, results at 2 eV;
dashed line, at 3 eV; short-dashed line, at 5 eV; and dotted line, at
8 eV.
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thermore, the absorption part of the T matrix is calculated via
the DWA as





+ are distorted wave functions calculated in
the ISVM. Additionally, the ICS int and MTCS mt are
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The TCSs tot are calculated by using the optical theorem
29. The TACSs abs are calculated as the difference be-
tween TCSs and ICSs, as
abs = tot − int. 26
The so-calculated TACSs account for the contributions from
all open inelastic channels, including both excitation and ion-
ization processes. The contributions from the electronic ex-
citation of the target arise mainly from the low-lying dipole-
allowed transitions for which cross sections become
progressively small above the ionization threshold. There-
fore, at sufficiently high energies, the ionization dominates
the inelastic processes.
In our calculations, the partial-wave expansion of the con-
tinuum wave functions, as well as of the T-matrix elements,
is limited to lmax=50 and mmax=17 for SiF and lmax=23 and
mmax=23 for SiF2. Since both targets are a polar system,
these partial-wave expansions converge slowly due to the
long-range dipole interaction potential. Therefore, a Born-
closure formula is used to account for the contribution of
higher partial-wave components to the scattering amplitudes.
Accordingly, Eq. 8 is rewritten as


















where TB is the complete point-dipole first-Born-
approximation FBA T matrix, Tk,lh;lh
p
ISVM are the partial-wave
T-matrix elements calculated via the ISVM, and Tk,lh;lh
p
B are
the corresponding partial-wave point-dipole FBA T-matrix






 L + hL − h2L + 12L − 11/2, 28
where D is the target electric-dipole moment and L= l when
l= l+1 and L= l when l= l−1.
In this study, the wave functions of the ground-state tar-
gets are obtained using a HF-SCF calculation. The standard
quantum-chemistry code GAMESS is used for these calcula-
tions. The basis functions for Si and F atoms used in the SCF
calculations are presented in Table I. At the experimental










































































FIG. 2. DCS for elastic e−-SiF scattering at a 15 eV and b
30 eV. Solid line, present results calculated using the SQFSM;
dashed line, present results calculated using the QFSM3; short-













































































FIG. 3. Same as in Fig. 2, but for a 50 eV and b 100 eV.
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RSi-F=3.0049 a.u. and =100.77° for SiF2 27, the calcu-
lated HF-SCF energy and the dipole moment are
−388.3223 a.u. and 0.981 D, respectively, for SiF, which can
be compared to the values of −388.41575 a.u. and 1.20 D of
O’Hara and Wahl 28. The corresponding values for SiF2
are −487.9847 a.u. and 1.12 D, respectively. The experimen-
tal dipole moment for this radical is 1.23 D 26. The calcu-
lated dipole polarizabilities are xx=yy =38.503 a.u. and
zz=27.815 a.u. for SiF and xx=33.534 a.u., yy
=50.351 a.u., and zz=30.772 a.u. for SiF2. Unfortunately,
there are no experimental or other calculated values for com-
parison.
III. RESULTS AND DISCUSSION
A. Electron scattering by the SiF radical
Figure 1 shows the rotationally summed DCSs for elastic
e−-SiF scattering at incident energies of 2, 3, 5, and 8 eV
calculated using only the real part of the optical potential. At
such low energies, almost no inelastic scattering channels are
open and therefore no absorption effects need to be included
in the calculations. Unfortunately, the lack of experimental
and/or other theoretical data has limited our discussions. It is
seen that the angular behavior of the DCSs are highly energy
dependent. All the DCSs are strongly forward peaked, re-
flecting the dipolar nature of the target. In Figs. 2–4 we
present our rotationally summed DCSs calculated using both
the QFSM3 and the SQFSM in the 15–500-eV energy range.
Calculated results without accounting for absorption effects
are also shown for comparison. The DCSs calculated using
both the original QFSM3 potential and the SQFSM agree
very well with each other even at incident energies as high as
500 eV. At 15 eV, the results obtained without absorption
effects also agree well with the other two calculated results,
indicating that the absorption effects are still very small at
this incident energy, which is in fact expected. On the other
hand, at higher energies, the DCSs calculated without ac-
counting for the absorption effects lie systematically above
those calculated including these effects.
In Figs. 5a and 5b we show our spin-averaged ICSs
and MTCSs, respectively, calculated using both the SQFSM








Si 69989.3000 0.000750 401.6050 0.002628 1.8000 1.000000
10380.2000 0.005941 95.3520 0.02040 0.9000 1.000000
2330.0100 0.031099 30.3340 0.091872 0.400 1.000000
657.4700 0.124883 10.9440 0.268204 0.13 1.000000
214.0000 0.387915 4.0417 0.733099
77.6060 0.553878 4.0417 −1.107732
77.6060 0.177570 1.4615 1.470012
30.6400 0.627947 0.3302 1.000000
12.8160 0.247638 0.0952 1.000000
3.9271 1.000000 0.0140 1.000000
1.4522 1.000000 0.0072 1.000000





F 9994.7900 0.002017 44.35550 0.020868 1.5800 1.000000
1506.0300 0.015295 10.0820 0.130092 0.7900 1.000000
350.2690 0.073110 2.99590 0.396219 0.3900 1.000000
104.053 0.246420 0.93930 0.620368 0.13 1.000000
34.8432 0.612593 0.27330 1.000000
4.3688 0.242489 0.0913 1.000000
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and the QFSM3, in the 1–1000-eV energy range, along with
those obtained without absorption effects. Our calculations
have shown a shoulder at about 3 eV in both ICSs and
MTCSs. This feature is in fact the same resonance reported
by Lee et al. 7. Eigenphase-sum analyses have shown that
the shoulder is due to a combination of a shape resonance in
the k1 scattering channel, centered at about 1.5 eV with
width of 1.2 eV, and a broad shape resonance in the k3
channel located at about 3.5 eV with width of 4 eV. At en-
ergies below 10 eV, the ICSs and MTCSs calculated with or
without accounting for absorption effects are almost identi-
cal. Nevertheless, at higher energies, the results calculated
without absorption effects are considerably larger than those
obtained when absorption effects are included, particularly at
incident energies above 30 eV. On the other hand, the cross
sections calculated by using both QFSM3 and SQFSM agree
quite well with each other in the entire energy range covered
herein.
Figures 6a and 6b present our TACSs and TCSs, re-
spectively, calculated using both the SQFSM and the
QFSM3 in the 5–1000-eV range. The experimental TICSs of
Hayes et al. 1 as well as the calculated TICSs of Hwang et
al. 4 using the BEB approximation and the calculated
TICSs of Joshipura et al. 6 using the AR are also shown in
Fig. 6a for comparison. It is interesting to note that al-
though the DCSs, ICSs, and MTCSs calculated using both
model absorption potentials in general agree very well with
each other at the energies covered herein, the calculated
TACSs and TCSs are quite different. Indeed, the TACSs ob-
tained using the SQFSM are systematically larger than those
calculated using the QFSM3, particularly at higher incident






























































































































































FIG. 5. a ICS and b MTCS for elastic e−-SiF scattering in the
1–1000-eV energy range. Solid line, present results calculated us-
ing the SQFSM; dashed line, present results calculated using the
QFSM3; short-dashed line, present DCS calculated without ac-















































































FIG. 6. a TACSs and b TCSs for electron scattering by SiF in
the 5–1000-eV energy range. Solid line, present results calculated
using the SQFSM; dashed line, present results calculated using the
QFSM3; short-dashed line, calculated TICSs of Hwang et al. using
the BEB approximation; dash-dotted line, calculated TICSs of
Joshipura et al. 6 using the AR; solid circles, experimental TICS
of Hayes et al. 3.
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qualitative agreement with the experimental and calculated
TICSs. Quantitatively, our SQFSM TACSs are about 30%
larger than the experimental and calculated TICSs near the
maximum, but the difference between our SQFSM TACSs
and the BEB TICSs and AR TICSs decreases with increasing
energies. This fact seems to be quite plausible, since all in-
elastic processes, including excitation and ionization, are ac-
counted for in the absorption potential. Therefore, the calcu-
lated TACSs should establish an upper limit for the TICSs. In
fact, Joshipura et al. 6 have verified that for a series of
stable molecules such as O2, H2O, CH4, SiH4, etc., for which
experimental TICSs are known accurately 30, the ioniza-
tion processes are about 70%–80% of all inelastic processes
at incident energy where the calculated TACSs attains its
maximum. This observation is in accordance with our
TACSs calculated using the SQFSM. On the other hand, the
QFSM3 TACSs lie below both calculated TICSs at high in-
















FIG. 7. DCS for elastic e−-SiF2 scattering calculated using only
the real part of the optical potential. Solid line, results at 1 eV;
dashed line, at 3 eV; short-dashed line, at 5 eV; dotted line, at








































































FIG. 8. DCS for elastic e−-SiF2 scattering at a 15 eV and b
30 eV. Solid line, present results calculated using the SQFSM;
dashed line, present results calculated using the QFSM3; short-























































































































































FIG. 10. Same as in Fig. 8, but for a 300 eV and b
500 eV.
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B. Electron scattering by the SiF2 radical
In Fig. 7 we present our rotationally summed DCS for
elastic e−-SiF2 scattering at 1, 3, 5, 8, and 10 eV. As in the
case of SiF, the angular behavior of the DCSs in this low-
energy range is very sensitive to the incident energy. Also,
the rapid enhancement of DCSs at angles towards the for-
ward direction is due to the dipolar nature of the target. Fig-
ures 8–10 show our rotationally summed DCS for elastic
e−-SiF2 scattering, calculated using both the QFSM3 and the
SQFSM in the 15–500-eV energy range along with the
DCSs calculated without accounting for absorption effects.
Similar to what was observed for SiF, it is seen that the
DCSs calculated using both the original QFSM3 and the
SQFSM potentials agree very well with each other even at
incident energies as high as 500 eV. Again at 15 eV, the
results obtained without absorption effects also agree well
with those calculated results including such effects, but be-
come substantially larger at higher energies.
In Figs. 11a and 11b, we show our ICSs and MTCSs
for elastic e−-SiF2 scattering, calculated using both the
SQFSM and the QFSM3 in the 1–1000-eV energy range,
along with those obtained without absorption effects. The
conclusion is again similar to what has been observed in the
case of e−-SiF collisions: the results obtained by using both
absorption potentials agree quite well with each other in the
entire energy range covered herein, whereas considerably
larger ICSs and MTCSs are obtained without absorption ef-
fects, in particular at incident energies above 30 eV. Also for
e−-SiF2 scattering, a shoulder at around 5 eV is clearly
shown in both ICSs and MTCSs. According to the
eigenphase-sum analyses not shown, we have attributed
this feature to the occurrence of a shape resonance in the
k2 B2 scattering channel located at about 5.5 eV with width
of 1 eV.
Figures 12a and 12b present our TACSs and TCSs,
respectively, calculated using both the SQFSM and the
QFSM3 in the 10–1000-eV range. The experimental TICSs
of Shul et al. 2 as well as the calculated TICSs of Hwang et
al. 4 using the BEB approximation and of Joshipura et al.
6 using the AR are also shown in Fig. 12a for compari-
son. As expected, the TACSs obtained using SQFSM are
systematically larger than those calculated using the QFSM3,
particularly at higher incident energies. Also, our calculated
TACSs using both absorption model potentials agree quali-
tatively well with the experimental TICSs. As expected, the
SQFMS TACSs are, in general, larger than the experimental
and calculated TICSs. The factor of 70% between the experi-
mental TICSs and our SQFMS TACSs near the maximum is
again approximately verified.
In summary, the present work performed studies of elec-
tron collisions with two important radicals, SiF and SiF2, in a
wide energy range. Our study revealed important influence
of the inelastic processes on the elastic electron collisions
with these targets. These effects reduce significantly the
DCSs, ICSs, and MTCSs, particularly for incident energies
above 30 eV. Also, we verified that the TACSs calculated





















































































FIG. 11. a ICSs and b MTCSs for elastic e−-SiF2 scattering
in the 1–1000-eV energy range. Solid line, present results calcu-
lated using the SQFSM; dashed line, present results calculated us-
ing the QFSM3; short-dashed line, present DCS calculated without





















































































FIG. 12. a TACSs and b TCSs for electron scattering by SiF2
in the 10–1000-eV energy range. Solid line, present results calcu-
lated using the SQFSM; dashed line, present results calculated us-
ing the QFSM3; short-dashed line, calculated TICSs of Hwang et
al. using the BEB approximation; dash-dotted line, calculated
TICSs of Joshipura et al. 6 using the AR; solid circles, experimen-
tal TICSs of Shul et al. 2.
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experimental and calculated TICSs at energies above
300 eV, which is unphysical. This failure, mainly caused by
the neglect of many-body interactions, can be adequately
corrected by using the SQFSM.
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